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The effects of elevated temperature and dissolved ρCO2 on a 
marine foundation species
























change	 factors	 affect	 an	 important	 foundation	 species.	 Specifically,	we	 tested	how	
ocean	acidification	from	dissolution	of	CO2	and	increased	sea	surface	temperatures	







ocean	 acidification	 and	 global	 warming.	 Overall,	 these	 data	 show	 that	 predicted	
changes	in	temperature	and	CO2	can	differentially	influence	direct	effects	on	individ-
ual	species,	which	could	have	 important	 implications	for	the	nature	of	their	 trophic	
interactions.
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ulations	 (Rosenblatt	 &	 Schmitz,	 2014).	Alternatively,	 simultaneously	
changes	to	multiple	global	change	factors	could	create	counteractive	
effects.	 For	 example,	 a	 decrease	 in	 pH	 can	 impact	 the	 growth	 and	




as	 overharvesting	 of	 higher	 trophic	 level	 predators	 (e.g.,	Callinectes 
sapidus	and	Menippe mercenaria)	can	 increase	the	abundance	of	me-
sopredators	 and	 indirectly	 alter	 trophic	 and	 nontrophic	 interactions	
(Silliman	&	Bertness,	2002).	Combined,	shifts	in	pH,	temperature,	and	
predator	abundances	are	 likely	to	 impact	the	structure	and	diversity	













and	 the	shoreline	 in	many	systems,	oyster	 reefs	 reduce	coastal	ero-
sion	 (Meyer,	 Townsend,	 &	 Thayer,	 1997),	 provide	 water	 filtration,	
help	reduce	eutrophication	(Newell,	2004),	and	function	as	important	
nutrient	 (Smyth,	Geraldi,	&	Piehler,	2013)	and	carbon	sinks	 (Granek,	
Compton,	 &	 Phillips,	 2009;	 Volety,	 Haynes,	 Goodman,	 &	 Gorman,	
2014;	Wingard	&	Lorenz,	2014).	Oysters	are	also	a	valuable	 fishery	
and	 serve	as	nursery	habitat	 for	other	 important	 fisheries	 and	non-
fishery	species.	In	North	Carolina,	oyster	harvest	is	estimated	to	gen-
erate	between	$12.80	and	$32.00	per	10	m2	(Grabowski	&	Peterson,	
2007)	Unfortunately,	a	 recent	 synthesis	 suggest	 that	 in	almost	40%	
of	estuaries	and	bays	 (of	144	evaluated	globally)	99%	of	 the	oyster	







Investigations	 into	 the	 effects	 of	 acidification	 or	 sea	 surface	




(Ivanina	 et	al.,	 2013;	 Matoo,	 Ivanina,	 Ullstad,	 Beniash,	 &	 Sokolova,	




val	 stage	being	more	vulnerable	 than	 the	 juvenile	 stage	 (Talmage	&	
Gobler,	2011).	One	study	on	the	larval	stage	of	oysters	found	mineral	
saturation	state	conditions	to	have	the	largest	impact	on	larval	oyster	
shell	 formation	 (Waldbusser	et	al.,	 2015).	However,	 juvenile	eastern	










tem	 at	 the	 Duke	 Marine	 Laboratory	 in	 Beaufort,	 North	 Carolina	
(Figure	1).	 Unfiltered	 seawater	 from	 Back	 Sound	 flowed	 into	
18.9	L	buckets	arranged	 in	 the	center	of	eight	1.22	×	0.61	m	bins.	
Each	 bucket	 was	 equipped	with	 two	 to	 three	 submersible	 aquar-
ium	 heaters	 to	 maintain	 desired	 temperature	 treatments.	 Heated	
water	 flowed	 from	 the	 buckets	 into	 two	5.68	L	 plastic	 containers	
(34.3	×	21.0	×	12.1	cm)	containing	juvenile	oysters	(spat).	To	simu-
late	ocean	acidification,	CO2	was	diffused	into	one	of	the	two	paired	





the	 pH	 of	 the	water	 and	 opened	 or	 closed	 the	 solenoid	 valve	 to	
maintain	the	pH	at	7.8	(the	2081–2100	year	RCP8.5	prediction	for	
ocean	acidification)	 (IPCC,	2014).	This	setup	allowed	simultaneous	
manipulation	 of	 both	 temperature	 and	 pH	 (via	 ρCO2)	 of	 continu-
ously	flowing	unfiltered	seawater.	Surface	water	temperature	from	
which	 flow-	through	water	was	 sourced	naturally	varied,	 therefore	
our	 temperature	 treatments	 maintained	 water	 temperatures	 at	












a	 readability	of	0.01	g	 and	photographed	 (Cannon	T5,	55	mm	 lens)	
each	group	to	measure	oyster	height	(distance	from	umbo	to	dorsal	
edge)	using	Image	J	software	(1.44	±	0.02	cm	average).	Oyster	bags	





Inc.).	To	add	 the	supplemental	diet,	water	 flow	was	briefly	 stopped	
(1	hr	each	day),	and	oxygen	was	bubbled	into	the	tanks	to	keep	ac-
ceptable	 DO	 (dissolved	 oxygen)	 levels.	 After	 5	months,	 all	 oysters	
were	photographed	for	height	(2.01	±	0.03	cm	average)	and	survival	
was	quantified.
2.2 | Oyster shell strength experiment
After	 5	months,	 all	 remaining	 oysters	were	 sacrificed	 and	 stored	 at	
20°C.	 Ten	 individuals	 from	 each	 treatment	 were	 randomly	 chosen	
for	 a	 shell	 strength	 assay.	 Before	 each	 assay,	 we	measured	 height	
(distance	from	umbo	to	dorsal	edge)	(mm),	length	(distance	between	














































Approximately	 3	months	 into	 the	 experiment,	 five	 oysters	 from	
each	CO2/temperature	were	 randomly	 selected,	 and	wet	weights	
(g)	 were	 recorded.	 Each	 group	 of	 five	 oysters	 was	 placed	 into	 a	
50	ml	nalgene	tube	for	the	assay.	A	tube	with	no	oysters	was	used	
as	a	control	for	this	experiment.	The	tube	was	filled	with	25	ml	of	
water	 from	 each	 individual	 tank	 and	 3	ml	 of	 Shellfish	 Diet	 1800	
(1/10	dilution).	The	lids	were	left	off	to	allow	oxygen	and	then	left	
undisturbed	for	1.5	hr.	After	1.5	hr,	 the	tubes	were	 lightly	shaken	
to	 insure	 re-	oxygenation	 of	 the	water	 and	 resuspension	 of	 shell-
fish	diet;	after	6	hr,	10	ml	of	tank	water	was	added	to	the	respec-
tive	 tube,	 and	 after	 7.5	hr	 the	 tubes	were	 shaken	 a	 second	 time.	
To	 determine	 the	 amount	 of	 feces	 produced	 by	 oysters,	 a	 proxy	
for	oyster	filtration,	the	samples	from	each	tube	were	run	through	




















data	 (Bates,	Mächler,	Bolker,	&	Walker,	2015).	Relative	 crush	 force	
data	were	analyzed	using	a	linear	model	(LM).	Oyster	shell	thickness	
was	treated	as	a	continuous	covariate	in	the	model.	Additionally,	oys-
ters	were	pooled	by	 treatment	 and	 then	 randomly	 selected	 for	 ex-
perimentation	to	insure	that	any	error	due	to	individuals	being	reared	
in	a	common	environment	was	randomly	redistributed	into	the	over-
all	 residual	 error	 for	model	 fits.	 Filtration	data	were	 analyzed	using	







3.1 | Effects of CO2 and temperature on oysters
Oyster	height	(mm)	decreased	with	increasing	temperature	over	the	
course	 of	 the	 experiment	 (df	=	1,	 χ2	=	4.4798,	 p	=	.034;	 Figure	2).	
There	was	no	relationship	between	oyster	wet	weight	and	tempera-
ture	(df	=	1,	χ2	=	0.1586,	p	=	.69;	Figure	3).	However,	there	was	a	sig-
nificant	reduction	in	oyster	survivorship	(df	=	1,	χ2	=	9.584,	p = .001; 





Oysters	 grown	 in	 elevated	CO2	 environments	 also	 required	 sig-
nificantly	less	crushing	force	than	oysters	in	ambient	CO2	conditions	
(df	=	1,	F	=	6.96,	p	=	.01;	Figure	5).	While	whole	oyster	shell	thickness	
affected	 the	 amount	 of	weight	 to	 crush	 oysters	 (df	=	1,	 F	=	38.688,	
























ion	 placement	 during	 shell	 formation.	 Indeed,	 other	 studies	 have	
documented	no	differences	in	shell	height	yet	increases	in	shell	thick-
ness	as	a	function	of	temperature	(Lord	&	Whitlatch,	2014).	We	also	
found	 a	 significant	 decline	 in	 juvenile	 oyster	 survival	with	 increas-
ing	temperature.	This	result	contrasts	with	studies	such	as	Talmage	
and	Gobler	(2011)	that	found	no	significant	decline	in	juvenile	oys-
ter	 survivorship	with	 an	 increase	 in	 temperature	of	 4°C.	However,	
this	difference	may	be	driven	in	part	by	differences	in	experimental	
duration	 (a	shorter	duration	experiment	experiences	 less	mortality)	








we	 manipulated	 temperatures	 above	 ambient	 during	 the	warmest	
summer	months,	which	may	have	been	 sufficiently	 stressful	 to	 re-
duce	oyster	 feeding	 rates	 (e.g.,	 proxy	 for	 filtration).	 In	 addition,	 fil-
tration	has	been	shown	to	increase	with	shell	height	(Walne,	1972),	
therefore	 the	 observed	 decrease	 in	 oyster	 filtration	 could	 be	 cor-
related	with	the	decrease	in	oyster	shell	height	(Figure	2).
















Piehler,	Westfield,	 &	 Ries,	 2015).	However,	Dodd	 et	al.	 (2015)	 only	
manipulated	acidification,	and	it	is	likely	that	the	increase	in	the	crab’s	
metabolic	 rate	with	 increased	 temperature	 could	 outweigh	 reduced	
foraging	 due	 to	 elevated	 CO2.	 Indeed,	 crab	metabolism	 and	 devel-
opmental	 rates	 are	 known	 to	 increase	 with	 temperature	 (Costlow,	
Bookhout,	&	Monroe,	1962).
Overall,	we	 found	decreased	growth	and	survival	as	well	as	 less	
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elevated	 temperature	 environments.	 This	 suggested	 that	 oysters	 in	
natural	communities	may	see	similar	fitness	declines	with	 increasing	
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